ABSTRACT: Reactivity ratios were evaluated for anionic ring-opening copolymerizations of ethylene oxide (EO) with either allyl glycidyl ether (AGE) or ethylene glycol vinyl glycidyl ether (EGVGE) using a benzyl alkoxide initiator. The chemical shift for the benzylic protons of the initiator, as measured by 1 H NMR spectroscopy, were observed to be sensitive to the sequence of the first two monomers added to the initiator during polymer growth. Using a simple kinetic model for initiation and the first propagation step, reactivity ratios for the copolymerization of AGE and EGVGE with EO could be determined by analysis of the 1 H NMR spectroscopy for the resulting copolymer. For the copolymerization between EO and AGE, the reactivity ratios were determined to be r AGE = 1.31 ± 0.26 and r EO = 0.54 ± 0.03, while for EO and EGVGE, the reactivity ratios were r EGVGE = 3.50 ± 0.90 and r EO = 0.32 ± 0.10. These ratios were consistent with the compositional drift observed in the copolymerization between EO and EGVGE, with EGVGE being consumed early in the copolymerization. These experimental results, combined with density functional calculations, allowed a mechanism for oxyanionic ring-opening polymerization that begins with coordination of the Lewis basic epoxide to the cation to be proposed. The calculated transitionstate energies agree qualitatively with the observed relative rates for polymerization.
■ INTRODUCTION
A central undertaking of polymer chemistry is the development and syntheses of polymeric materials with prescribed physical properties and chemical functionalities. Copolymerization is a vitally important and powerful strategy for the synthesis of materials that allow properties to be tuned between those observed for two or more unique homopolymers. Among many polymerizable chemical functionalities, epoxide groups provide a versatile polymerizable functionality for designing materials via copolymerization. Polyethers, derived from epoxide-based monomers, are widely used materials in applications such as drug delivery 1 and control of biocompatibility 2 and are gaining more attention in other emerging applications, such as dyesensitized solar cells 3 and lithium polymer batteries. 4 For polyethers such as PEG, a central limitation is that functionalization is restricted to the chain ends, which limits the ability to modify and tune the parent structure. 5 To increase chemical functionality beyond the chain ends, and therefore the breadth of available physical properties in polyethers, copolymerizations between ethylene oxide and glycidyl ethers have been explored. 6−10 Allyl glycidyl ether (AGE) has been homopolymerized 11, 12 and copolymerized with ethylene oxide (EO). 8, 17 The advantages offered by AGE units are a low T g (−78°C), 11 lack of crystallinity, and an available alkene moiety for postpolymerization functionalization. 13−17 Because of the controlled nature of oxyanionic polymerization of epoxides combined with efficient thiol−ene click chemistry, the amount and nature of functional groups on a polyether backbone can be accurately controlled. 6,8,13,17−27 In addition to AGE, ethylene glycol vinyl glycidyl ether (EGVGE) 29, 30 has been recently copolymerized with EO and provides a versatile vinyl ether moiety, which may form hydrolytically cleavable acetal linkage as well as undergo thiol− ene click reactions to form permanent covalent linkages as in the case of AGE. 31 For copolymerizations of AGE and EGVGE with ethylene oxide, the distribution of comonomer sequences was characterized as random based on a qualitative 13 C NMR spectroscopy analysis of triad resonances. 8, 31 As for radical copolymerization, in polyether systems employing two or more epoxide monomers, such as P(EOco-AGE) and P(EO-co-EGVGE), it is imperative to have a detailed understanding of the relative reactivities of the comonomers toward the living chain end in order to effectively design copolyether materials. Heatley et al. systematically analyzed the relative reactivities between EO and propylene oxide (PO) by the resonances corresponding to comonomer triads in 13 C NMR spectra and matching the relative integrals to triad probabilities calculated based on the reactivity ratios. The resulting reactivity ratios were r EO = k EO/EO /k EO/PO = 3.1 ± 0.4 and r PO = k PO/PO /k PO/EO = 0.30 ± 0.04, which signifies that the reactivity of EO is greater than that of PO for both the EO and PO chain ends. Based on these reactivity ratios, the EO/ PO system produces copolymers that possess a gradient in composition with EO enriched near the initiator and PO enriched near the terminus. Since the seminal publication by Heatley et al., which showed that EO was more reactive toward potassium alkoxide chain ends than PO, workers have often assumed that the reactivity of EO is generally greater than that of other epoxide monomers such as glycidyl ethers (GEs).
7−9,31
Pang et al. have carried out copolymerizations of EO with ethoxyethyl glycidyl ether (EEGE) which resulted in r EO = 1.20 ± 0.01 and r EEGE = 0.76 ± 0.02. 32 These reactivity ratios, determined under specific reaction conditions (THF/DMSO 10/40 v/v, 60°C), have lent some credence to the assumption that EO is more reactive than glycidyl ethers under certain reaction conditions. 33 Typically, determining reactivity ratios is labor-intensive and involves termination of multiple copolymerizations at low conversion (e.g., 5%) and characterization of the resultant copolymer composition or monitoring the change in the relative comonomer concentrations for several copolymerizations at various comonomer molar ratios. 34 Herein, we report a new, simple method of determining reactivity ratios in copolymerizations of EO with functional GEs such as AGE and EGVGE. For copolymerizations of EGVGE or AGE with EO, we have identified resonances in the 1 H NMR spectra where the chemical shifts are sensitive to the identities of the first two monomers added to the initiator. Significantly, the functional glycidyl ether monomers were observed to be more reactive than EO under our reaction conditions with comonomer reactivity decreasing in the series EGVGE > AGE > EO. To understand these findings, a computational investigation into the polymerization mechanism via density functional theory (DFT) calculations revealed that the relative comonomer reactivities are determined primarily by the relative tendency of the epoxide monomer to coordinate with the potassium counterion. Combined, these results allow fundamental insights into the mechanism for anionic ring-opening polymerization of epoxides.
■ RESULTS AND DISCUSSION
Copolymerizations of Ethylene Oxide and Allyl Glycidyl Ether. To investigate the copolymerization kinetics between ethylene oxide (EO) and functional glycidyl ethers (GEs), initial experiments explored the copolymerization of EO with allyl glycidyl ether (AGE). Initiation of the polymerization was achieved by the generation of potassium alkoxide initiators in situ through the titration of benzyl alcohol with a dilute solution of potassium naphthalenide 35 an effective and convenient strategy for initiation of the anionic ring-opening polymerization of glycidyl ethers. 6, 12 This strategy was employed for copolymerizations of AGE with EO as shown in Scheme 1. Four poly[(allyl glycidyl ether)-co-(ethylene oxide)] (P(AGE-co-EO)) copolymers were polymerized at varying molar incorporation of EO: [EO] 0 /[AGE] 0 = 0.77, 1.0, 3.0, and 7.5. Copolymerizations were carried out in tetrahydrofuran (THF) solution at 45°C from a benzyl alcohol initiator for 20 h. In all polymerizations, the resultant copolymer compositions corresponded to the initial monomer stoichiometry with size exclusion chromatography (SEC) as well as 1 H and 13 C NMR spectroscopy employed for structural characterization. The degree of polymerization, polydispersity indices, and molar ratios of EO to AGE are included in Table 1. A representative 1 H NMR spectrum is shown in Figure 1 for [EO] 0 /[AGE] 0 = 1.0. All peaks can be assigned to EO, AGE repeat units, or cis-prop-1-enyl isomers, 12, 36 with the resonances corresponding to the benzylic protons of the initiator (Figure 1 inset, peak * ), displaying a complicated array of singlets. Notably, the chemical shift of these individual singlets is dictated by the identity of the first two repeat units. As a result, the relative magnitudes of these benzyl singlets contain information on the reactivity of each monomer during the first two propagation steps. Definitive assignments of these four unique singlets could be made and correspond to the Assuming that the rate of polymerization is first order in monomer and polymer concentration, the change in concentration of all copolymers in the system beginning with the motif I−EO−EO is given by
where k E/E is the propagation rate constant of EO reacting with I−EO. 
If the initial molar ratio of comonomers [EO] 0 /[GE] 0 is known, then the reactivity ratio of the monomers toward the initiator can be determined by taking the appropriate ratio of integrals of the benzyl singlets from Figure 2 . Carrying out the same analysis for the second monomer addition to I−EO and I−GE yields the following simple expressions for extracting the ratios of propagation rate constants of each monomer to an ethylene oxide chain end (k E/E or k E/G ) or to a glycidyl ether (GE) chain end (k G/G or k G/E ):
From the ratios of the integrals for the signals due to the benzylic protons, we can extract the ratio of propagation rate constants of AGE and EO reacting with a primary alkoxide at an EO chain end (k E/G /k E/E ), and the ratio of rate constants for AGE and EO reacting with the secondary alkoxide at an AGE chain end (k G/G /k G/E ) can be determined. These ratios are related to the reactivity ratios through the following definitions:
The integrals of the individual benzyl singlets were evaluated by fitting four Lorentzian functions to the 1 H NMR data. The cumulative fits to the data are shown in Figure 2 along with the individual Lorentzian components of the fit. In general, the fits to the array of benzyl peaks were quantitative (e.g., 0.2% residual error for [EO] 0 /[AGE] 0 = 1.0, Figure 2b ), and accurate individual integrals for the benzyl singlets could be extracted. The ratios of rate constants could then be determined using eqs 2−4 for the samples in Table 1 . Under the copolymerization conditions (THF at 45°C) and for the reaction of the potassium benzoxide initiator with AGE and EO, we obtained a ratio of initiation rate constants of k G /k E =2.20 ± 0.20 (G = AGE and E = EO) were obtained. For the ratio of propagation rate constants with the primary alcohol of an EO chain end, similar analysis yielded a reactivity ratio of r E = k E/E /k E/G = 0.54 ± 0.03. Finally, for the reaction with the secondary alcohol of an AGE chain end, a reactivity ratio of r G = k G/G /k G/E = 1.31 ± 0.26 was calculated. We note that the EO/AGE system is nearly an ideal copolymerization with r G × r E close to 1, which is a general characteristic of ionic copolymerizations. 37 However, the resultant comonomer sequence based on these reactivity ratios is slight gradient copolymer with AGE enrichment at the start of the polymer chain.
To gain fundamental insight into the reactivity ratios, transition-state density functional calculations of the ringopening mechanism were performed. It should be noted that minimum energy barriers do not translate directly into reaction rates, since there is no information about path degeneracy or dynamics, but the barrier energetics can nevertheless provide insight into trends in preferential reactivity. The calculations reported here refer to transitions in vacuum and were performed using the Gaussian 03 38 software package with the 6-31G(d) basis set 39 and the B3LYP approximation for the exchange-correlation functional. 40 Minimum-energy transition states were obtained using Berny optimization, 41 and all transition states were verified to have exactly one unstable vibrational mode. All transition states have an imaginary frequency of ca. 450 cm −1 in the reaction coordinate, indicating similar curvatures of the potential-energy landscape at the saddle point.
Initially, the transition states for the first monomer attachment of ethylene oxide (EO) and allyl glycidyl ether (AGE) to the potassium alkoxide initiator (I) was studied. From the analysis it was found that the I−EO and I−AGE reactions have minimum-energy barriers of 14.8 and 11.8 kcal/ mol, respectively with the 3.0 kcal/mol reduction in transition state energy arising from both the increased coordination of the AGE monomer to the potassium counterion, which contributes 1.0 kcal/mol, and the increased Lewis basicity of the AGE epoxide ring due to electron donation from the allyl ether substituent, which contributes another 2.0 kcal/mol decrease in transition state energy relative to EO addition. For the reaction of the second monomer all four combinationsI−EO−EO, I− EO−AGE, I−AGE−EO, and I−AGE−AGEwere considered. Again, the transition state for AGE addition was found to have a lower activation barrier than EO due to the same increase in Lewis basicity and bidentate coordination of AGE to the potassium counterion as mentioned previously. For the formation of I−EO−EO, an activation barrier of 19.7 kcal/ mol was determined, whereas for I−EO−AGE it was 13.9 kcal/ mol. For the formation of I−AGE−EO and I−AGE−AGE, activation barriers of 22.6 and 14.4 kcal/mol were determined. These computational results are qualitatively consistent with the experimental 1 H NMR observations in which the addition of AGE occurs faster than EO to the living polymer chain for both the initiator and chain ends. These results and the representations of the optimized structures and transition states are presented in Figure 3 .
Copolymerizations of Ethylene Oxide and Ethylene Glycol Vinyl Glycidyl Ether. In order to further test this strategy for determining reactivity ratios and lend greater credence to the observation that glycidyl ethers can be more reactive than EO in anionic ring-opening polymerization, several poly[(ethylene glycol vinyl glycidyl ether)-co-(ethylene oxide)] (P(EGVGE-co-EO)) copolymers were synthesized at various monomer feed ratios,
than 99% as measured by gas chromatography (GC). The monomer purity was determined to be an important consideration in carrying out copolymerizations without chain-transfer side reactions to the monomer (see Scheme S1 in Supporting Information). Monomer purities above 99% were required to suppress chain transfer; below 99% purity, chain transfer could be observed in 1 H NMR spectra of the copolymers (see Figure S1 in Supporting Information).
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Immediately prior to use, the EGVGE was degassed by freeze− pump−thaw, and the EGVGE and EO were then copolymerized under identical conditions to those for EO and AGE (Scheme 3 and Table 2 ). constants for the reaction of EGVGE (G) and EO (E) with the potassium benzoxide initiator of k G /k E = 5.22 ± 1.30, showing that EGVGE was thus strongly preferred by the potassium alkoxide initiator over EO. For a random copolymerization with r G = r E = 1 and [EO] 0 /[EGVGE] 0 ≈ 1, the integrals of each benzyl singlet would be expected to be equal. Instead, a strong bias toward adding EGVGE monomer was observed in Figure  5a where [EO] 0 /[EGVGE] 0 = 0.98. The I−EGVGE−EGVGE motif (peak 4) is the most prevalent mode of initiation for the majority of polymers in the system, with virtually no detectible chains beginning with the I−EO−EO sequence. For the addition of EGVGE (G) and EO (E) to the primary alcohol of an EO chain end the ratio of propagation rate constants is k E/G / k E/E = 3.30 ± 0.88, and the ratio of propagation rate constants to the EGVGE chain end is k G/G /k G/E = 3.50 ± 0.90. These reactivity ratios portray a more than 3-fold preference for EGVGE over EO with r G = 3.50 ± 0.90 and r E = 0.32 ± 0.10. As is characteristic for ionic copolymerizations, the product of the reactivity ratios is consistent with an ideal copolymerization, i.e., r G × r E = 1.1.
The reactivity ratios for AGE/EO and EGVGE/EO indicate that the addition of these functional glycidyl ether monomers to the initiator and living chain end is favored over EO addition. This suggests that copolymerizations of EO with AGE or EGVGE result in gradient-type copolymers where the functional glycidyl ether is consumed early in the polymerization and the resulting repeat units are enriched near the initiator. To investigate the composition as a function of time, several identical copolymerizations ([EO] 0 /[EGVGE] 0 = 3.35) were carried out for different duration, and the resulting repeat units were determined using 1 H NMR spectroscopy. The degrees of polymerization for EO and EGVGE repeat units incorporated into the copolymer are shown in Table 3 and plotted in Figure  6 as a function of polymerization time. Although the molar concentration of EO was 3.35 times that of EGVGE, EGVGE repeat units were incorporated into the copolymer at approximately the same rate as EO. Assuming first-order kinetics in monomer concentration, this nearly equal rate of propagation indicates that the rate constant for EGVGE propagation is ∼3 times that for EO, i.e., r G ≈ 3 where r G × r E ≈ 1. This is in excellent agreement with the reactivity ratios determined by the method described above: r G = 3.50 ± 0.90 and r E = 0.32 ± 0.10. Under these conditions, the EGVGE was quantitatively consumed after 20 h, at which time the EO conversion was 40%. Quantitative conversion of EO required ∼72 h. In addition, a numerical calculation of comonomer propagation using these reactivity ratios clearly reproduces the experimental compositional drift portrayed in Figure 6 .
On the basis of the reactivity ratios determined by 1 H NMR spectroscopy in Figure 5 and the drift in copolymer 1 H NMR spectrum of poly(EGVGE) (top spectrum) and poly(EGVGE-co-EO) (bottom spectrum). Peak assignments are shown in the inset. The peak near 4.5 ppm (peak * ) is due to the benzyl (2H) end group protons used to determine molar mass. Compared with the homopolymer (top spectrum), the copolymer (bottom spectrum) shows a characteristic array of four singlets due to the benzylic protons correlated to the molar ratio of comonomers. composition during the polymerization, it is apparent that the copolymerization of EO and EGVGE does not result in random copolymers under our polymerization conditions, with reactivity ratios that vary significantly from those expected. 31 The comonomer sequence of this actually results in a pseudoblock copolymer of poly[(ethylene glycol vinyl glycidyl ether)-grad-(ethylene oxide)]-b-poly(ethylene oxide) with a long stretch of pure EO repeat units of ca. 150 repeat units near the terminus. As further support of the relative reactivities, a T m emerges due to the long, nearly pure PEO segment that arises late in the copolymerization. We note that the preference of EGVGE over EO is stronger than that for AGE over EO, which also corresponds qualitatively to the trends determined from our DFT calculations of the transition state energies (ΔE ‡ ) for I−EGVGE formation at 10.6 kcal/mol, which is much lower than that for I−EO and I−AGE formation at 14.8 and 11.8 kcal/mol, respectively. This result is intuitively expected since the binding of EGVGE to the potassium ion is likely to three oxygen atoms, which should decrease the energy of the transition state even more than for AGE coordination (two oxygens).
For the copolymerization of EGVGE and EO, it is also interesting that the propagation of EO proceeded at a retarded rate relative to an EO homopolymerization even after complete consumption of EGVGE. On the basis of our proposed polymerization mechanism presented in Figure 3 , where coordination of the epoxide to the potassium counterion is a vital component, we propose that the copolymerization exists in a state of dynamic equilibrium between coordination of the counterion with the comonomers and the polymer backbone. In the case of P(EO-co-EGVGE), the EGVGE-rich segments in the polymer backbone are likely to provide an excellent coordinating environment for the potassium counterion and thus decrease the likelihood that unreacted EO monomers coordinate and react with the chain end.
Numerous investigations of the copolymerization of functional glycidyl ethers with ethylene oxide have recently been reported, [7] [8] [9] [10] 31, 33 with most of the reports concluding that the sequence distribution of the copolymers was random based on triad analysis in 13 C NMR spectroscopy. No comparison was made, however, with reactivity ratio dependent triad probabilities derived by Heatly et al. 34 and others. 43a−c The mere appearance of triad resonances provides insufficient information on the sequence distribution to assign a copolymerization as characteristically random or not (see Figure S2 in Supporting Information). In contrast, the simple but powerful method reported herein in which a single 1 H NMR experiment can provide not only reactivity ratios but also the relative reactivities of the comonomers toward the initiator is a direct measurement of the ratios of propagation rate constants at the beginning of the copolymerization. As a result, this new technique provides a more direct and conclusive spectroscopic measurement than the specific, qualitative 13 C NMR spectroscopy-based method adopted by others for copolymerizations of EO and glycidyl ethers. 
■ CONCLUSIONS
The use of benzyl alcohol as an initiator in the copolymerization of EO with GEs such as AGE and EGVGE forms the basis for a new approach to understanding the nature of copolymerization of epoxide derivatives. The benzyl CH 2 group provides a unique signal in the 1 H NMR spectrum with a chemical shift that is sensitive to the identity of the first two monomer units. Utilizing a simple kinetic model, reactivity ratios can be directly extracted from the integration values for this group in the resulting P(EO-co-AGE) and P(EO-co-EGVGE) copolymers. A surprising result of this analysis was that AGE and EGVGE were determined to be more reactive than EO under our reaction conditions. For the EO/AGE system, the reactivity ratios were r G = 1.31 ± 0.26 and r E = 0.54 ± 0.03 while the EO/EGVGE system showed an even greater bias toward addition of the glycidyl ether: r G = 3.50 ± 0.90 and r E = 0.32 ± 0.10. DFT calculations were carried out to investigate the mechanism of anionic ring-opening polymer- ization by potassium alkoxides with the rate-determining step of the polymerization proposed to be the coordination of the epoxide monomer to the counterion with the relative rates of reactivity being proportional to the relative affinities of the epoxide comonomers toward the potassium cation. The trends in transition state energies are consistent with the experimental observation of the faster addition of AGE and EGVGE to the potassium alkoxide chain end than that of EO, with the relative reactivities in the order of EGVGE > AGE > EO. The spectroscopic method and conceptual framework developed herein provide vital tools for investigating the synthesis of copolyether materials by the anionic ring-opening polymerization of epoxides.
■ EXPERIMENTAL SECTION Characterization. 1 H NMR spectroscopy was carried out on a Bruker AC 500 spectrometer in deuterated chloroform (CDCl 3 ). Size exclusion chromatography (SEC) was performed on a Waters chromatograph with four Viscotek columns (two I-MBHMW-3078, I-series mixed bed high molecular weight columns and two I-MBLMW-3078, I-series mixed bed low molecular weight columns) for fractionation, a Waters 2414 differential refractometer, and a 2996 photodiode array detector for detection of eluent, and chloroform with 0.1% triethlyamine at room temperature was used as the mobile phase. Gas chromatography was carried out on a Shimadzu GC-2014 using a flame ionization detector and a Restek column (SHRXI-5MS) for separation. DSC measurements were performed using a TA Instruments Q2000 MDSC (modulated differential scanning calorimeter) with 50-position autosampler and mass flow control in the temperature range from −80 to 120°C at heating rates of 10 K/ min and cooling rates of −5 K/min under nitrogen.
Materials. All chemicals were used as received from Sigma-Aldrich unless otherwise specified. THF was collected from a dry solvent system and used immediately thereafter. Benzyl alcohol was dried over calcium hydride and distilled before titration with potassium naphthalenide in THF (0.3 M). Ethylene oxide (EO) was degassed through several freeze−pump−thaw cycles and distilled to a flamedried buret immediately before use. Potassium naphthalenide was prepared from potassium metal and recrystallized naphthalene in dry THF and allowed to stir with a glass-coated stir-bar for 24 h at room temperature before use. Allyl glycidyl ether was purchased from TCIAmerica, Inc., degassed through several freeze−pump−thaw cycles, and distilled from butyl magnesium chloride to a buret for storage.
Synthesis of Ethylene Glycol Vinyl Glycidyl Ether (EGVGE). An alternative synthesis of EGVGE was reported previously by Shostakovskii 29 and recently by Mangold et al. 31 Ethylene glycol vinyl ether (20 g, 230 mmol) and epichlorohydrin (42 g, 450 mmol) were placed in a 500 mL round-bottom flask sitting on an ice bath, and the mixture was stirred with a magnetic stir-bar. Sodium hydroxide (230 mmol) was slowly added on the mixture at 0°C to avoid generating excess heat. After 3 h, the reaction flask was moved into a 50°C oil bath and stirred for an additional 12 h. After cooling of the reaction mixture, the sodium chloride precipitate was filtered and the liquid was washed several times with water. Excess epichlorohydrin and residual moisture were removed by a rotary evaporator and overnight in vacuo. The resulting pale-orange liquid was then distilled under reduced pressure to yield the desired colorless liquid (95% yield, 99+% purity by GC). 1 Synthesis of Poly[(allyl glycidyl ether)-co-(ethylene oxide)]. All polymerizations were carried out on a Schlenk line in custom thickwalled glass reactors fitted with ACE threads under an inert argon atmosphere. The reactors were fitted with a buret containing a premeasured quantity of THF, a flexible connector to a buret containing ethylene oxide on ice at 0°C, a glass arm containing a port for a 6 mm puresep septum, and connectors to the Schlenk line. The reactors were flame-dried under vacuum and refilled with argon five times. Under a 7 kPa positive argon pressure atmosphere, THF drawn from a solvent purification system was introduced by opening the threaded stopcock on the attached buret. Benzyl alcohol initiator was added by gastight syringe through a 6 mm puresep septum. Potassium naphthalenide (0.3 M in THF) was added dropwise by cannula until a light green color persisted in solution, indicating complete deprotonation of the benzyl alcohol initiator. Ethylene oxide was added by lifting the cold buret and allowing the ethylene oxide to drain into THF solution while allyl glycidyl ether was simultaneously added via gastight syringe. Because of concern about the order of monomer addition affecting the determination of reactivity ratios, a second procedure was used: Benzyl alcohol was added to a separate vessel, titrated with potassium alkoxide, and then added to the premixed solution of ethylene oxide and allyl glycidyl ether. No difference in reactivity ratios was evident following either method indicating that initiation was slow enough such that the order of monomer addition did not affect the relative intensities of benzyl end-group resonances. Synthesis of Poly[(ethylene glycol vinyl glycidyl ether)-co-(ethylene oxide)]. All polymerizations were carried out on a Schlenk line in custom thick-walled glass reactors fitted with threaded ACE threads under an argon atmosphere. The reactors were dried under vacuum and then refilled with argon five times. Under an argon atmosphere, benzyl alcohol initiator was added by gastight syringe through a 6 mm puresep septum. THF was then added by opening the valve of the already-connected buret on the reactor. The potassium alkoxide initiator was formed by titration of benzyl alcohol with potassium naphthalenide under argon until a green color persisted in solution, indicating the deprotonation of all alcohols. After adding EGVGE and EO simultaneously, polymerizations were carried out at 45°C for 10−72 h and terminated with isopropanol. Polymers were precipitated in hexane and dried in vacuo before characterization. 
